We report a novel system for efficient and specific targeted delivery of large nucleic acids to and into cells. Plasmid DNA and core histones were assembled to chromatin by salt gradient dialysis and subsequently connected to bispecific antibody derivatives (bsAbs) via a nucleic acid binding peptide bridge. The resulting reconstituted vehicles termed 'plasmid-chromatin' deliver packaged nucleic acids to and into cells expressing antigens that are recognized by the bsAb, enabling intracellular functionality without detectable cytotoxicity. High efficiency of intracellular nucleic acid delivery is revealed by intracellular expression of plasmid encoded genes in most (∼90%) target cells to which the vehicles were applied under normal growth/medium conditions in nanomolar concentrations. Specific targeting, uptake and transgene expression depends on antibody-mediated cell surface binding: plasmid chromatin of identical composition but with nontargeting bsAbs or without bsAbs is ineffective. Examples that demonstrate applicability, specificity and efficacy of antibody-targeted plasmid chromatin include reporter gene constructs as well as plasmids that enable CRISPR/Cas9 mediated genome editing of target cells.
INTRODUCTION
Addressing acquired or inherited diseases by providing gene products or by modifying the genetic setup of patients is the primary concept of gene therapy (1) (2) (3) (4) . In general, the manifold particular gene therapy concepts can be divided in ex vivo or in vivo approaches (5) . During an ex vivo gene therapy cells of interest are isolated from the patient for subsequent treatment with the therapeutic gene followed by readministration of the genetically modified cells (5) (6) (7) . The in vivo approach on the contrary is based on direct local or systemic injection of a gene delivery system to treat the target cells or tissue (5, 8) . The common goal for both approaches is the efficient transfer of the genetic material over the cell membrane and finally into the nucleus (9, 10) . To mediate successful gene transfer, current clinical trials are dominated by two strategies, namely nucleic acid delivery by viral vectors or synthetic chemical systems (11, 12) . Viral gene delivery is highly efficient by nature but safety concerns due to random integration of the transgene into the host genome or potential immunogenicity issues limit their applicability (13) (14) (15) . In addition a labour and cost intensive manufacturing comprising difficult to standardize processes are further issues for drug development (16) (17) (18) (19) (20) . Synthetic chemical systems, most often composed of cationic lipids or polymers, are easier to manufacture and face minor concerns of biosafety/immunogenicity. Nevertheless, so far viral systems are favoured for the major fraction of current clinical trials, as non-viral systems are less efficient and their mode of action bear the risk for toxicity issues (21, 22) . Both systems, chemical as well as virus-derived entities, are also prone to unspecific uptake, i.e. deliver of nucleic acids to non-target cells. This can affect/decrease efficacy because uptake into non-target cells increases clearance, it may also elicit undesired effects in the non-target tissues (5, 23, 24) . The significance of these issues is fortified by the fact that to date no systemic gene delivery approach succeeded phase III clinical trials to be approved for market access (25) . All in all, this emphasizes the need for alternative systems for efficient and specific nucleic acid delivery to realize systemic gene therapy.
To develop a gene delivery system that is not aided by viral entities or synthetic transfection reagents, important characteristics of these systems have to be pointed out and taken into consideration. One common feature of most de-e55 Nucleic Acids Research, 2019, Vol. 47, No. 10 PAGE 2 OF 12 livery systems is the protection of DNA to avoid degradation by nucleases (26) . Furthermore, viral as well as synthetic nucleic acid delivery systems condense the large nucleic acid to reduce the exposed negative charge and size with the aim to form a compact particle for facilitated cellular uptake (27) (28) (29) (30) (31) . Moreover, the DNA interaction is most often non-covalent to enable de-compaction and access of the transcription machinery inside the nucleus and to avoid chemical modification influencing gene expression (32) (33) (34) (35) . Finally, every system comprises a particular mechanism that enables DNA membrane translocation (36) (37) (38) .
In principle, one inherent mechanism that meets the above mentioned criteria is the assembly of core histones on DNA. The assembly into chromatin is a highly conserved mechanism in eukaryotes to organize genomic DNA inside the nucleus by reducing its size and charge (39) . Furthermore, previous studies demonstrated that all four core histone proteins contain protein transduction domains and compatibility of histones for gene delivery has been shown by several studies reviewed by . However, the majority of histone based delivery systems comprise unspecific DNA complexation of core histones, single histone proteins or domains or peptides derived from them and most often combined with synthetic or viral entities (45-52). Wagstaff and co-workers demonstrated that plasmid DNA assembled into chromatin can be delivered into the nucleus, using modified histone H2B protein (53) .
The objective of our work was to develop an efficient chromatin-based nucleic acid delivery system that does not contain any virus-derived components. In addition, the delivery system shall (in contrast to applying histones and/or chromatin for nonspecific DNA delivery) introduce nucleic acids only into desired target cells without addressing non-target cells. To achieve these objectives, we used purified histones for packaging DNA into plasmid chromatin (this avoids viral components). In contrast to approaches described above, however, these histones were deliberately kept as 'wildtype proteins', i.e. not mutated/modified and therefore exhibited a very low spontaneous delivery potential (53) . We then analysed if we can convert such inactive plasmid chromatin to targeted plasmid chromatin with intracellular delivery functionality by adding antibodyderived cell surface targeting entities.
MATERIALS AND METHODS

In-vitro chromatin reconstitution of plasmid DNA
Calf thymus Histones for assembly were kindly provided by Prof. Dr Gernot Längst (University of Regensburg). A ∼4000 bp plasmid DNA encoding EGFP (pEGFP) was amplified and used for assembly of histones via salt gradient dialysis (54) . To set up the assembly reaction we mixed DNA and histones in a 1:2 mass ratio in a reaction mix of 2 M NaCL 200 ng/ml BSA and 200 ng/ml BSA, 1 fold low salt buffer (10 mM Tris-HCl pH 7.6, 50 mM NaCl, 1 mM EDTA, 0.05% w/v Igepal CA-630), 2 M NaCl and histone octamer in a 1:2 DNA:histone weight ratio. The reaction mixture was transferred into 3.5 kDa MWCO mini dialysis devices (Thermo Fisher Scientific) equilibrated for 15 min in high salt buffer (10 mM Tris-HCl pH 7.6, 2 M NaCl, 1 mM EDTA, 0.05% w/v Igepal CA-630). Afterwards a 4 l beaker was prepared with 300 ml high salt buffer containing 1 mM beta-mercaptoethanol and a second beaker with 3 l 1-fold low salt buffer containing 1 mM beta-mercaptoethanol. A floater with the dialysis devices and a magnetic stir bar were added into the beaker with high salt buffer. The salt gradient dialysis was performed over night at 4
• C. Therefore, the beaker was placed on a magnetic stirrer to allow slow mixing and a peristaltic pump was set to transfer the 3 l of low salt buffer into the beaker containing high salt buffer with a velocity of ∼300 ml/h. After buffer dilution, chromatin samples were purified and buffer was exchanged to PBS via size exclusion chromatography using Sephacryl S-1000 GE Superfine (Sigma Aldrich) matrix.
Antibody chromatin complex preparation
Hapten binding bispecific antibodies and TriFabs were generated and purified as previously described (55) . Haptenylated CPXM2 peptide was synthesized by Biosynthan GmbH (Berlin). To prepare DNA binding antibody constructs, biotinylated peptide and biotin binding antibody was pre-incubated in PBS for 30 min in a ratio of two peptides per antibody for the bivalent biotin binding bsAb and one peptide per antibody for monovalent biotin binding TriFabs. Subsequently, constructs were added to chromatin and incubated for at least 30 min for antibody-peptide association at the DNA backbone.
Microscale thermophoresis
Microscale thermophoresis experiments, data processing and determination of K D values was performed by 2bind GmbH (Regensburg). Antibody and peptide were diluted in PBS and pre-incubated for 30 min at RT with a 1:1 or 1:2 molar ratio for TriFab: peptide or 2 + 2 bsAb:peptide, respectively. A serial dilution of the ligand was prepared in a way to match the final buffer conditions in the reaction mix (1× PBS, 0.05% Tween-20). 5 l of each dilution step were mixed with 5 l of fluorescent labelled plasmid chromatin. The final reaction mixture, which was filled in capillaries, contained a respective amount of ligand and constant 0.25 nM fluorescent molecule. The samples were analysed on a Monolith NT.115 Pico at 25
• C, with 10% LED power and 60% Laser power. Fluorescence values were normalized and data were displayed according the analysed peptide concentration (56) . K D values were determined, if normalized fluorescence values allowed a proper curve fit.
Analytic MNase digestion
For nuclease sensitivity assays, 2 g of DNA assembled with chromatin was diluted in EX-80 buffer (10 mM Tris-HCl pH 7.6, 80 mM KCl, 10% v/v glycerol, 1.5 mM MgCl 2 , 1 mM DTT) and 1 l BSA to a final volume of 50 l. To stop the reaction, 1.5 ml tubes were prepared with 4 l stopbuffer (100 mM EDTA, 4% w/v sodium dodecyl sulfate). The nuclease reaction was started by addition of 50 l micrococcal nuclease (MNase) mix (6 mM CaCl 2 , 200 ng/l PAGE 3 OF 12 Nucleic Acids Research, 2019, Vol. 47, No. 10 e55 BSA and 40 U MNase). After the indicated time-points, 30 l of the reaction mix were transferred to the tubes containing stop-buffer. The DNA was de-proteinized by addition of 1 l Proteinase K and incubation for 1 h at 50
• C. The DNA was purified by ethanol precipitation and analysed by agarose gel-electrophoresis.
Flow cytometry
To generate fluorescent plasmid DNA and plasmid chromatin, Cy5 fluorescent dye was chemically conjugated to plasmid-DNA applying the Label IT ® Nucleic Acid Labelling kit (Mirus) according to the manufacturer's specification. To generate fluorescent plasmid chromatin, assembly was performed with Cy5 labelled plasmid as described above. Cy3 labelling of antibody was performed via maleimide conjugation after partial antibody reduction with TCEP.
Previous to cell treatment, antibody chromatin complexes were formed as described above. 200,000 MCF7 cells per well were seeded in 96 well plates and treated with complexes with final concentration 1.6 g/ml plasmid DNA bevor or after chromatin assembly, 50 nM antibody and 100 nM peptide for 1 h at 37
• C. Single colour flow cytometry with unlabelled antibodies was performed with a FACScanto II (BD Biosciences). For dual colour flow cytometry, Cy3 labelled antibodies were used instead of unlabelled antibodies. Colour compensation was performed with single stained controls. Dual color flow cytometry was performed with an LSRFortessa (BD Biosciences).
Reporter gene expression and cytotoxicity assay
80 000 MCF7 cells per well were seeded in 12-well plates for reporter gene expression assays and 10 000 MCF7 cells per well were seeded in 96-well plates for LDH cytotoxicity assays. 24 h after seeding, cells were treated with complexes containing 8 g/ml plasmid DNA bevor or after chromatin assembly, 250 nM antibody and 500 nM peptide prepared as described above or single components at the same concentration when indicated. The cells were exposed to complexes or single components for 48 h in the presence of serum. After 48 h gene expression or cytotoxicity was analysed. For gene expression analysis cells were washed, detached and the ratio of GFP positive cells was determined by flow cytometry with a FACScanto II (BD Biosciences). For cytotoxicity analysis, culture supernatant was removed and LDH activity was quantified with the Cytotoxicity Detection Kit (LDH) (Sigma-Aldrich) according to the manufacturer's protocol.
Confocal microscopy
For live cell imaging, MCF-7 cells (NCI) were cultured in phenolred-free RMPI medium supplemented with 10% fetal calf serum (FCS) and 100 U/ml penicillin and 100 g/ml streptomycin. 20 000 cells/well were seeded into 8-well chamber slides (Lab-Tek™, Thermo Fisher Scientific, Braunschweig, Germany) and allowed to adhere overnight. Glass surfaces had been coated with 30 g/ml fibronectin in PBS for 1 h at 37
• C. Antibody plasmid DNA-Cy5 and Antibody-plasmid chromatin-Cy5 complexes were formed as described in example 7. Samples were added to MCF7 at a final concentration of 4 g/ml plasmid DNA, 250 nM peptide and 125 nM antibody. 4 and 72 h after addition, internalization of antibody-chromatin complexes and GFP expression were followed by live cell fluorescence microscopy carried out on a Leica SP5 laser scanning confocal microscope using a 63×/1.2NA water immersion objective lens (Leica, Mannheim, Germany). Temperature, CO2 level and humidity were maintained at 37
• C and 5% CO 2 using a stage-top incubation chamber (Oko-touch, Okolab, Ottaviano, Italy). Sequential scans were performed using white light laser excitation at 488 nm, (561 nm) and 633 nm. Fluorescence emission was detected at 495-548 nm (GFP), 570-628 nm (Cy3) and 647-732 nm (Cy5) using HyD detectors. Images were processed with ImageJ (NIH, Bethesda, MD, USA). Immunocytochemistry was performed as previously described (57) .
CRISPR/Cas9 targeting and knock-out quantification
It has previously been described that gene-editing mediated inactivation of DPH1, combined with assessment of cellular sensitivity towards Diphtheria Toxin (DT), can be used to quantify efficacy of gene editing (58) . Inactivation of all cellular copies of DPH1 (as consequence of gene editing) in turn renders cells resistant to DT. This generates a very robust readout which can be quantified by counting DTresistant colonies following gene editing. To prove targeting specificity and efficacy of the delivery system with plasmids encoding a therapeutically more relevant gene product, targeted delivery complexes were prepared as described above with CISPR/Cas9 'plasmid chromatin' instead of pEGFP plasmid chromatin. Afterwards the complexes were added to MCF7 cells seeded in a 12-well plate (4000 cells/well 24 h before treatment) to a maximal final concentration of 8 g/ml plasmid DNA assembled to Chromatin, 500 nM peptide and 250 nM antibody. After incubation of the complexes in normal serum containing cell culture medium for 72h, medium was removed and cells were exposed to the same medium containing DT at a final concentration of 4 nM. DT exposure was continued for 2 weeks with medium exchange every 3 to 4 days. After this period, cells were stained with methylene blue and efficiency of intracellular delivery and expression of the editing components was assessed by determination of DT-resistant colonies as previously described.
Statistics
Unpaired, two-tailed Student's t-tests were performed for single comparisons between two treatments. Multiple comparisons were statistically analyzed via one-way ANOVA, followed by Tukey's honestly different significance (HDS) post hoc tests. Significant differences were defined by Pvalues of < 0.05. The level of significance determined using Student's t-test or Tukey's HDS test is indicated in graphs by asterisks. One, two or three asterisks are defined by P < 0.05, P < 0.01 and P < 0.001, respectively. 
RESULTS
In-vitro chromatin reconstitution of plasmid DNA by salt gradient dialysis
Chromatin can be efficiently reconstituted from DNA and histones by the salt gradient dialysis methods (54, 59, 60) . Using supercoiled plasmid DNA and purified histone octamers, nucleosomes are formed that consist of the histone octamer and 147 bp of DNA wrapped ∼1.65 turns around the octamer (61) . The salt gradient dialysis method gives rise to nucleosomal arrays on DNA that are separated by short DNA linkers with a size ∼15 bp. Fine titration of histone to DNA ratios results in plasmid chromatin fully covered by nucleosomes that are qualitatively evaluated by micrococcal nuclease (MNase) hydrolysis of DNA. The endonuclease MNase does preferentially hydrolyse DNA in the linker region between the nucleosomes, giving rise to an MNase ladder of DNA when partially hydrolyzing chromatin (62) . We applied this method to generate plasmid chromatin with an eGFP expression plasmid. The quality of the reconstituted chromatin was determined by nuclease hydrolysis and subsequent agarose gel-electrophoresis ( Figure  1A ) (54) . The partial DNA hydrolysis of assembled chromatin generates DNA fragments of multiples of 160 base pairs, suggesting that arrays of nucleosomes were formed on the plasmid DNA. Furthermore, the clear pattern of the nucleosomal ladder and the absence of DNA fragments shorter than 147 bp (sub-nucleosomal DNA), suggested the efficient reconstitution of the plasmid DNA into chromatin ( Figure 1A ).
Antibody -chromatin complexes with improved nuclease resistance are formed via DNA binding peptide CPXM2
To capture plasmid DNA or plasmid chromatin via charge interaction with the negatively charged DNA backbone, we used a nucleic acid binding peptide (CPXM2 peptide) identified by Haas et al. and derived from human carboxypeptidase-like protein X2 (CPXM2 protein) (63) . To enable binding of CPXM2 peptide to antibodies, we used a biotinylated version of CPXM2 peptide (biotin CPXM2 peptide) and biotin binding (anti biotin) bispecific antibodies ( Figure 1B) . Affinity of antibody-peptide constructs to chromatin was determined by microscale thermophoresis (MST). With this method affinity data were generated in solution without the need to capture antibody or peptide as this would affect affinity in this system due to avidity effects. To identify the most suitable antibody format, we compared monovalent biotin binding TriFabs with bivalent biotin binding bispecific antibodies (anti biotin 2+2 bsAb) towards affinity and potential aggregation due to crosslinking of the molecules (55, 64) . Affinity of biotin CPXM2 peptide ∼ anti biotin TriFab constructs to chromatin was in the three digits nanomolar range (300nM). The biotin CPXM2 peptide ∼ anti biotin 2+2 bsAb constructs demonstrated further stabilization (two-digit nM affinity) most likely due to avidity effects as two CPXM2 peptides can be bound by one antibody ( Figure 1C ). In addition, no aggregation was observed with the biotin CPXM2 peptide ∼ anti biotin 2+2 bsAb construct, indicating that no severe crosslinking occurs with this antibody format (Supplementary Figure S1) . Specificity was proven by respective controls without peptide. The MST data set of the individual runs (Supplementary Figure S2 ) is summarized in Table 1 . As the strongest interaction was observed when the peptide was coupled to anti biotin 2+2 bsAb, we used this antibody format for further studies. As the antibody peptide construct interacts with the negatively charged DNA backbone, we checked whether this interaction disrupts the nucleosomes, or alters nuclease resistance of plasmid chromatin after antibodypeptide assembly. After incubation of chromatin with antibody and peptide and subsequent nuclease digestion, the pattern of partially hydrolyzed DNA after 270s was similar to the pattern of nuclease treated chromatin alone after 20s ( Figure 1A ). This data clearly demonstrates that addition of the antibody-peptide reduces the nuclease accessibility, by probably binding to the accessible DNA linker, but the nucleosomal arrays remain intact.
DNA as well as chromatin is specifically and efficiently delivered via CPXM2-antibody constructs
In addition to specific formation and prolonged nuclease resistance of the antibody-chromatin complex, we investigated DNA delivery to the cell surface via the associated antibodies. To determine delivery efficacy and specificity, antibiotin 2+2 bsAbs with a second specificity against Lewis Y or CD33 were compared on MCF7 cells (LeY+++/CD33-). Furthermore, plasmid DNA labelled with Cy5 fluorophore was used to enable quantification of plasmid DNA on cells by flow cytometry 1h after cell treatment. To elaborate the influence of chromatin assembly on delivery specificity and efficacy, we applied the delivery system for plasmid DNA before and after chromatin assembly. Figure 2A shows Cy5 signal of MCF7 cells after treatment with plasmid DNA before chromatin assembly complexed with anti LeY (dotted red) and anti CD33 (dotted blue) antibody. A distinct fluorescence signal was detected after treatment with anti LeY-DNA-Cy5 complexes demonstrating that DNA delivery is highly efficient. In contrast, application of anti CD33-DNA-Cy5 complexes did not result in Cy5 positive cells (as MCF7 do not express CD33). This demonstrates that DNA delivery is mediated by the antibody and payload is delivered only to cells that express the cognate target antigen. After chromatin assembly, plasmid delivery efficacy and specificity was not affected as the same distinct fluorescence signal was observed after treatment with anti LeY-chromatin-Cy5 complexes (solid red) and no Cy5 signal was detected with anti CD33-chromatin-Cy5 complexes (solid blue) ( Figure 2B ). To confirm the presence of the antibody in our delivery system, we used anti CD33 and anti LeY antibodies labelled with Cy3 fluorophore together with Cy5 labelled chromatin. As displayed in figure  2C , MCF7 cells treated with anti CD33-Cy3-chromatinCy5 complexes did not show an elevated Cy5 as well as Cy3 signal (blue contours) demonstrating that neither antibody nor chromatin is present at the cell surface. In contrast, anti LeY-Cy3-chromatin-Cy5 treatment results in distinct fluorescence signals for Cy3 and Cy5 (red contours), proving antibody at the cell surface and confirming the successful delivery of chromatin (with somehow reduced efficiency compared to unlabelled antibody). Finally, we checked the Table 1 . Affinity between chromatin and antibody or antibody-peptide constructs; Interaction between chromatin and antibody or antibody-peptide constructs was determined by MST. Affinity value for bio-CPXM2 ∼ anti biotin 2+2 bsAb refers to biotin-CPXM2 peptide concentration (2-fold higher than antibody concentration as one antibody can bind two peptides); affinity values with respective SEM were determined by two independent measurements
Chromatin + biotin-CPXM2 ∼ anti biotin TriFab 300.0 36.0 Chromatin + biotin-CPXM2 ∼ anti biotin 2+2 bsAb 73.1 3.4 Chromatin + anti biotin TriFab only no interaction n.a. Chromatin + anti biotin 2+2 bsAb only no interaction n.a.
second specificity of our targeting antibody against biotin. Therefore, we compared our targeted chromatin delivery system comprising biotinylated-CPXM2 peptide with a targeting system where the biotinylated peptide was exchanged against a peptide with the wrong hapten (digoxigenin instead of biotin). Figure 2 C highlights that both complexes (blue contours with biotin-CPXM2 peptide and green contours with digoxigenin-CPXM2 peptide) generate a distinct Cy3 fluorescent signal on MCF7 cells, whereas Cy5 signal was only detected after treatment with biotin-CPXM2 peptide comprising complexes. This clearly demonstrated that despite the cell surface specificity, also the second specificity against the hapten is necessary for chromatin and therefore plasmid DNA delivery without unspecific interaction between antibody and peptide/chromatin. 
Targeted chromatin efficiently mediates transgene expression without cytotoxicity
After determination of delivery efficiency and specificity to the target cells, we addressed the nuclear delivery efficacy by quantifying GFP reporter gene expressing cells via flow cytometry. With this assay we can also directly depict the influence of chromatin assembly on intracellular plasmid DNA delivery as on cell DNA delivery is equally efficient with and without chromatin assembly. To address reporter gene-expression, we have treated MCF7 cells with different constructs for 48 h and subsequently identified GFP expressing cells via flow cytometry. The ratio of GFP positive cells was determined by comparison with respective vehicle or antibody only control. Incubation of MCF7 cells in presence of DNA or chromatin did not generate cells expressing detectable levels of GFP, indicating no unspecific nuclear uptake of plasmid DNA before and after chromatin assembly ( Figure 3A) . Moreover, association of antibodypeptide constructs did not generate GFP positive cells when the antibody does not bind the cell surface as shown for anti CD33-DNA as well as anti CD33-chromatin complexes (confirming the data of Figure 2 were no unspecific uptake of antibody-DNA and antibody-chromatin was detected). Targeting of plasmid DNA by associated antibody-peptide constructs generated single GFP positive cells (as observed under the microscope) but not to a significant extent despite efficient delivery to the cell surface as shown in Figure 2A . In contrast, antibody-peptide constructs targeting chromatin raised the ratio of GFP positive cells from single exceptions to the vast major population (>90% positive cells). Finally, Lipofection was used as a positive control, resulting in about 60% reporter gene expressing cells. Next, we addressed the cytotoxicity of the different treatments by LDH release relative to vehicle control and complete cell lysis. Lipofection mediated cytotoxicity to a certain extent (∼15% to lysis control), usual for most transfection reagents. None of the other treatments showed detectable cytotoxic effects ( Figure 3B ).
Chromatin is specifically delivered to target cells by bispecific antibodies followed by internalization into the vesicular system
As the impact of chromatin assembly on functional plasmid DNA delivery was surprisingly high, we addressed intracellular distribution of antibody and DNA after treatment with different complexes by confocal microscopy. DNA (middle row of images). Overlay of both fluorescence signals indicates that most of antibody and DNA is colocalized and not separated. These data clearly demonstrate that targeted DNA gets delivered to the cell surface and internalized via the targeting antibody irrespective of assembled into chromatin or not. Specificity of the targeting system was confirmed by confocal microscopy of MCF7 cells after incubation with the untargeted chromatin complex, as neither antibody nor DNA was detected at the cell surface as well as inside vesicles (bottom row of images). Figure  4B shows that chromatin targeting does not only result in strong DNA accumulation at the cell surface and inside the vesicular system (cyan) but also in GFP expression (green). For imaging of GFP signal after 3days, unlabelled antibody was used as labelling reduced chromatin delivery efficacy.
To image treated cells with higher resolution and in more detail, cells were fixed and the antibody was subsequently counterstained with anti-human IgG Cy3 antibody (Fig-Figure 5 . Antibody-chromatin delivery with plasmid DNA encoding a CRISPR/Cas9 system. (A) Agarose gel electrophoresis of DPH1 gRNA/Cas9 plasmid DNA (lanes 1-3) and chromatin (lanes 4-6) after partial DNA hydrolysis by MNase with increasing incubation time (20s, 80s and 270s). (B) Representative microscopic images of DT resistant MCF7 cell clones after treatment with vehicle (PBS control), targeted control plasmid chromatin (LeYChromatin (eGFP)), non-targeted Cas9/DPH1 gRNA plasmid chromatin (CD33-Chromatin (Cas9/DPH1 gRNA)), targeted Cas9/DPH1 gRNA plasmid chromatin (LeY-Chromatin (Cas9/DPH1 gRNA)); DT resistant colonies were only observed after treatment with targeted DPH1 gRNA/Cas9 plasmid chromatin. ure 4C). Confocal microscopy of cells that received targeted plasmid chromatin revealed strong above-background signals of the targeting antibodies on cell surfaces and vesicular compartments but not in nuclei. Cy5-labeled plasmid payload was found together with the antibody on cell surfaces and vesicular compartments but was also clearly detectable in nuclei. These observations are in line with previous findings that (i) noncovalent hapten-coupled payloads separate from targeting antibodies after internalization and become routed independently from the antibody (64, 65) and (ii) that most antibodies bind to cells and internalize in an effective manner but by themselves have very low propensity to escape from vesicular compartments and enter the cytoplasm or nucleus (66) .
Targeted chromatin delivery enables specific and efficient CRISPR/Cas9 mediated genome editing
Next, we addressed if chromatin delivery can be applied with plasmid DNA of larger size and with more complex function. Therefore we used a plasmid encoding a CRISPR/Cas9 knock-out system against Diphthamide synthesis gene 1 (DPH1) and performed the previously published Diphtheria toxin (DT) based assay for quantification of CRISPR/Cas9 mediated gene editing (58) . This assay utilizes DT resistance mediated by homozygous DPH1 knock-out for identification of cell clones in which gene editing by Cas9 was successful. As a result, only homozygous DPH1 knock-out cells survive and display colony formation after 2 weeks of continuous DT selection. First of all, we transferred the chromatin assembly on the DPH1 gRNA Cas9 expression plasmid ( Figure 5A ). The delivery system was applied for of Cas9 DPH1 gRNA encoding 'plasmid chromatin' in the same manner as for GFP encoding 'plasmid chromatin'. After treatment of MCF7 cells with targeted (LeY-) Cas9 DPH1 gRNA encoding 'plasmid chromatin', untargeted (CD33-) Cas9 DPH1 gRNA 'plasmid chromatin' and targeted (LeY-) GFP 'plasmid chromatin' and incubation for 3 days, cells were exposed to DT for two weeks. Finally, cells were fixed and colonies were counted under the microscope. Representative microscopic images are shown in Figure 5B and the ratio of colony number and number of initially seeded cells are summarized in Table 2 as percentage of DT resistant colonies and therefore percentage of clones with homozygous gene knock-out. Targeted delivery of Cas9 DPH1 gRNA chromatin results in almost 4% DT resistant clones whereas targeted delivery of GFP control chromatin does not result in any resistant colony, confirming that colony formation can only occur by expression of the CRISPR/Cas9 editing system. In line with
PAGE 9 OF 12
Nucleic Acids Research, 2019, Vol. 47, No. 10 e55 the specificity of the chromatin targeting system as shown above for GFP, MCF7 treatment with untargeted (CD33-) Cas9 DPH1 gRNA chromatin does also not result in formation of DT resistant colonies. Compared to the absolute CRISPR/Cas9 knock-out frequencies and colony numbers from our previous experiments, the determined percentage of DT resistant clones would equal to >60% of Cas9 expressing cells (Table 2) .
DISCUSSION
The development of a targeted gene delivery system faces multiple challenges as it must overcome several hurdles and therefore needs well-balanced properties (67, 68) . For example, a DNA delivery system must have affinity to the target cells to efficiently mediate the uptake of DNA but in parallel must not interact with serum components or the cell membrane of other cells and tissues to minimize loss of DNA and avoid off-target effects along the delivery route (34, 69, 70) . Furthermore, DNA has to be translocated over the membrane barrier to enter the cytosol and finally reach the nucleus to enable transgene expression (71, 72) . As a consequence, the required membrane interaction for DNA translocation has to be efficient but at the same time gentle enough to avoid cell cytotoxicity (70) . Our goal was to generate a highly flexible and modular gene delivery system to outline the influence of every component along the gene delivery route. We made use of the hapten-binding bsAb technology comprising antibody derivatives that are able to simultaneously bind cell surface antigens and to small molecule haptens like biotin or digoxigenin via antibody-antigen interactions57. This technology enables delivery of diverse hapten bearing molecules (payload) to the target cell surface and its broad applicability including nucleic acid delivery has already been demonstrated. The fact that hapten-binding bsAbs are available in different formats covering various sizes, geometries and stoichiometries (55, 65, 73, 74) enhances their versatility as modules for targeted nucleic acid delivery. The non-covalent attachment of payload to hapten-binding bsAbs enables separation of payloads from targeting vehicles inside vesicular compartments. The latter is important for delivery of molecules with intracellular functionality such as nucleic acids. For those, non-covalent hapten coupling is advantageous compared to covalent conjugation strategies were payload release frequently needs to be optimized for example by introduction of cleavable linkers (64, 65, 75) .
Functional plasmid DNA delivery can be observed in about 90% of treated cells without cytotoxicity therefore providing a mechanism for efficient but gentle DNA membrane translocation. Such high efficacies are comparable to viral gene delivery systems (24, (76) (77) (78) (79) (80) . However, the overall objective of our work was not only to achieve high efficacy, but also to combine that with targeting to specific cells. Attaching targeting entities to delivery vehicles to selectively address desired cell types is similar to that of nextgeneration viral or virus-like particle (VLP)-based delivery systems. Entities that confer targeting specificity can be added to VLPs by conjugating or fusing them to VLPs. Such specificity-enhancing entities that support enrichment on desired sites can be antibody-based or other protein domains or peptide derivatives (81) (82) (83) . True specificity, however, requires not only addition of specific binding entities, but also reduction or elimination of non-targeted transfection activity. Targeted plasmid-chromatin described here fulfils targeting requirements and intracellular activity as well as reduction of nonspecific uptake without applying any virus-derived modules.
Hapten-binding bsAbs combined with the DNA binding CPXM2 peptide mediate efficient and specific delivery of plasmid chromatin to and into cells. Thus, while other delivery systems show target preference (84) (85) (86) (87) , this novel approach has the potential to reach very high specificity. Moreover, our data clearly show that the major component facilitating DNA membrane translocation is the organization of plasmid DNA into plasmid chromatin with naturally occurring histones, as we can deliver plasmid DNA with and without chromatin assembly to target cells with comparable efficiency and specificity but only plasmid chromatin mediates high ratios of transgene expressing cells. In contrast to previous observations, we could not observe that histone assembly affects DNA uptake by unspecific membrane binding and we could demonstrate that plasmid chromatin facilitates membrane translocation and nuclear DNA transport without further engineering of histone proteins (42,53). As we could not observe major differences in antibody mediated DNA or chromatin cell surface binding and internalization, DNA transduction at the cell surface as well as a specific vesicular escape mechanism cannot be excluded and might also not be the only mechanism behind the improved nuclear translocation in line with previous suggestions (41, 42, 53) . Furthermore, DNA compaction and charge reduction may contribute to the facilitated DNA membrane translocation and also the transition from the cytoplasm into the nucleus might be altered by histones as previously suggested (88, 53, 89, 90) . Further studies like measuring the cytoplasmic to nuclear transition, as performed for oligonucleotides for example, are necessary to uncover the exact role of Histone assembly on plasmid DNA and this modular system can contribute to its further understanding (91) .
Beside the fact of being non-toxic and highly specific, the developed gene delivery system exclusively consists of proteins and peptides of mammalian origin. Thus, the concerns about safety and the risk of immunogenicity are expected to be rather low. However, one concern of systemic application and exposure to the immune system is the chromatin itself. It was shown that plasmid DNA with bacterial DNA sequences might be recognized by immune cells via Toll like receptor interaction (89, 92) . But this hurdle might be solved via plasmid DNA engineering like the production of mini-circles or mini-vectors containing only a minor portion of bacterial sequences (93) . In addition, extracellularly occurring histones are elevated in various autoimmune diseases but are also considered in potentially mediating inflammatory diseases (94) . On the other hand extracellular chromatin release is an active mechanism of neutrophils to bind bacteria and therefore serve as a trap for gram positive as well as gram negative bacteria (95) . Furthermore, in our system histones might not be completely exposed to the immune system as they are shielded by the wrapped DNA as well as the associated antibody to some extent. All in all, further studies have to be performed to investigate the potential risk of systemic chromatin delivery.
In conclusion, we have developed a novel system to deliver plasmid DNA with viral-like efficiency, high specificity and without cytotoxicity exclusively by mammalian entities. However, further studies are necessary for example to understand the exact mechanism of nuclear chromatin and in particular the translocation mechanism over the membrane barrier. Nevertheless, antibody mediated chromatin targeting is a novel approach for specific gene delivery with the potential of being a viable alternative to existing targeted gene delivery systems.
